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Functional MRI of the Rodent Somatosensory Pathway
Using Multislice Echo Planar Imaging

Shella D. Keilholz, Afonso C. Silva, Mira Raman, Hellmut Merkle, and

Alan P. Koretsky”

A multislice EPI sequence was used to obtain functional MR
images of the entire rat brain with BOLD contrast at 11.7 T. Ten
to 11 slices covering the rat brain, with an in-plane resolution of
300 .m, provided enough sensitivity to detect activation in brain
regions known to be involved in the somatosensory pathway
during stimulation of the forelimbs. These regions were identi-
fied by warping a digitized rat brain atlas to each set of images.
Data analysis was constrained to four major areas of the so-
matosensory pathway: primary and secondary somatosensory
cortices, thalamus, and cerebellum. Incidence maps were gen-
erated. Electrical stimulation at 3 Hz led to significant activation
in the primary sensory cortex in all rats. Activation in the sec-
ondary sensory cortex and cerebellum was observed in 70% of
the studies, while thalamic activation was observed in 40%. The
amplitude of activation was measured for each area, and aver-
age response time courses were calculated. Finally, the fre-
quency dependence of the response to forepaw stimulation
was measured in each of the activated areas. Optimal activation
occurred in all areas at 3 Hz. These results demonstrate that
whole-brain fMRI can be performed on rodents at 11.7 T to
probe a well-defined neural network. Magn Reson Med 52:
89-99, 2004. Published 2004 Wiley-Liss, Inc.t
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Functional MRI (fMRI) using blood oxygenation level-de-
pendent (BOLD) contrast is a powerful technique for the
noninvasive study of brain activation. In humans, BOLD
contrast is widely used with multislice imaging sequences
to study the activation of regions throughout the brain
during a specific task (1-5). Animal models, particularly
rodents, have played an important role in the early devel-
opment of fMRI techniques (6—8), and in understanding
the relation between neural activity and fMRI (9-14).
While whole-brain fMRI studies are common in humans,
they have been performed much less frequently in rodents.
The small size of the rodent brain necessitates high reso-
lution and complicates the acquisition of whole-brain
functional images. Most of the BOLD fMRI studies per-
formed in rodents have been limited to a few slices cover-
ing the sensory cortex in the rat. Much less work has been
done in the mouse (9,15). Activation in the cortex during
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stimulation of the rat forepaw (13,14,16-18), hindlimb
(16,19), tail (19), and whiskers (20) has been observed.
Activation has also been observed in the olfactory bulb
during presentation of odors (21,22). One study attempted
to image the majority of the rat brain, but no activation was
documented outside of the primary sensory cortex (23).
The study was performed with an isotropic resolution of
1 mm, so it is likely that any activation in secondary areas
was obscured by partial volume effects. Similarly, an fMRI
study in a rat stroke model, using cerebral blood volume
instead of BOLD, was performed at low resolution and
observed only primary somatosensory cortex activation in
the normal rats (24). Just one study has reported activation
outside of the primary cortex, when activation was ob-
served in the cerebellum during forepaw and hindpaw
stimulation (25). This study only acquired data from the
cerebellum.

Rodents have a well-characterized brain, ideal for the
study of functional neural systems. Connections between
many areas have been mapped by electrical recording and
tract-tracing techniques. It is possible to perform behav-
ioral studies in rodents, and surgical techniques have been
used to manipulate neural systems. Thus, it is important to
develop whole-brain fMRI in the rodent. The somatosen-
sory pathway, in particular, is well described (26). A par-
tial diagram is given in Fig. 1. Stimulation of the forepaw
excites afferent nerves that travel through the spinal cord,
synapse and cross the midline in the medulla, and are
relayed to the ventroposterolateral nucleus (VPL) of the
thalamus. Neurons from the thalamus project to layer 4 of
the primary somatosensory cortex (SI) and also to the
secondary somatosensory cortex (SII). These cortical areas
project to the pons, where the information crosses the
midline again and is relayed to the cerebellum. Given the
degree of interconnectedness of the brain, this is only a
partial description. There are reciprocal connections be-
tween most of the areas involved, as well as many connec-
tions to the contralateral hemisphere. The cerebellum also
receives input directly from the spinal cord.

The robust activation of the primary sensory cortex de-
tected by fMRI during electrical stimulation of the fore-
paw, along with the well-described connectivity of the rat
somatosensory system, makes this an excellent model for
development of robust whole-brain functional imaging in
the rodent. Many studies have established that the rat SI
activates during electrical stimulation of the limbs, but the
expectations for other areas are not clear. Activation in SII
has been widely reported in human sensory studies and
should be detectable in rats as well. The thalamus must
activate in order for the primary cortex to activate, but this
is a small section in the rodent brain, making it difficult to
detect with BOLD fMRI. By a similar argument, activation
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FIG. 1. Partial diagram of the somatosensory system. Impulses are
conducted from the forepaw through the spinal column to synapse
in the medulla. From there they are relayed to the thalamus and then
to the sensory cortex. The cortex sends information to the pons,
which relays it to the cerebellum. The cerebellum also receives input
directly from the spinal cord.

should be present in the pons and medulla. Activation in
the cerebellum has been reported in cerebellar studies of
the rat during somatosensory stimulation, and so should
be detectable in whole brain studies (25).

The requirements that whole-brain fMRI of small ani-
mals places on the imaging sequence and hardware are
strenuous. Since many of the structures of interest are
small (nuclei in the thalamus, pons, and medulla are
~300-800 pwm across, and the areas of the nuclei involved
in forepaw sensation are smaller still), high spatial resolu-
tion is essential, particularly in the coronal plane, but it is
also necessary to keep the temporal resolution high
enough to adequately sample the response to the stimulus
without greatly lengthening the scans. The rat brain ex-
tends ~2.0-2.5 cm from the olfactory bulb to the cerebel-
lum. To maximize coverage of the brain while maintaining
temporal resolution, an echo planar imaging (EPI) se-
quence with interleaved slices was implemented on an
11.7 T, 31 cm horizontal bore MRI. The entire brain was
imaged during a TR of 1.0-1.5 sec, at a spatial resolution of
300 X 300 X 2000 pm. This allowed the production of a
functional map in 4 min. Robust activation was observed
in the primary sensory cortex, secondary sensory cortex,
and the cerebellum, with significant though less robust
activation in the thalamus.

MATERIALS AND METHODS
Animal Preparation

All experiments were performed in compliance with
guidelines set by the National Institutes of Neurological
Disorders and Stroke ACUC. Eleven adult male Sprague-
Dawley rats (168—234 g) were initially anesthetized with
5% halothane and maintained at 1.5% halothane during
the following surgical procedures. Each rat was orally
intubated and placed on a mechanical ventilator through-
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out the surgery and the experiment. Plastic catheters were
inserted into the right femoral artery and vein to allow
monitoring of arterial blood gases and administration of
drugs. Two needle electrodes were inserted just under the
skin of each forepaw, one between digits 1 and 2, and the
other between digits 3 and 4. After surgery, the rat was
given an i.v. bolus of a-chloralose (80 mg/kg) and halo-
thane was discontinued. Anesthesia was maintained with
a constant a-chloralose infusion (27 mg/kg/hr) (13).

The rat was placed on a heated water pad to maintain
rectal temperature at ~37°C while in the magnet. Each
animal was secured in a head holder with ear bars and a
bite bar to prevent head motion and was strapped to a
plastic cradle. End-tidal CO,, rectal temperature, tidal
pressure of ventilation, heart rate, and arterial blood pres-
sure were continuously monitored during the experiment.
Arterial blood gas levels were checked periodically and
corrections were made by adjusting respiratory volume or
administering sodium bicarbonate to maintain normal lev-
els when required. An i.v. injection of pancuronium bro-
mide (4 mg/kg) was given once per hour to prevent motion.

MRI

All images were acquired with an 11.7 T / 31 cm horizon-
tal bore magnet (Magnex, Abingdon, UK), interfaced to an
AVANCE console (Bruker, Billerica, MA) and equipped
with a 9-cm gradient set, capable of providing 30 G/cm
with a rise time of 65 ps. Shimming was performed with a
custom-built shim set and high power shim supply (Res-
onance Research, Billerica, MA). A contoured rectangular
surface coil (2 X 3 cm) that attached to the head holder was
used to transmit and receive the MR signal. Scout images
were acquired in three planes with a fast spin echo se-
quence to determine appropriate positioning for the func-
tional study.

A spin-echo, EPI sequence was used for the fMRI stud-
ies. Setup included shimming, adjustments to echo spac-
ing and symmetry, and B, compensation. A single-shot
sequence with a 64 X 64 matrix was run with the following
parameters: effective echo time 30 ms, repetition time
1.0-1.5 sec, bandwidth 200 kHz, field of view 1.92 X
1.92 cm. Whole-brain coverage was obtained with 10-11
2-mm thick slices, spaced 0.2 mm apart.

Somatosensory Stimulation Paradigm

A World Precision Instruments stimulator (WPI, Sarasota,
FL) supplied 2 mA, 300 ws pulses repeated at 3 Hz to both
forepaws upon demand. The paradigm consisted of 10
dummy scans to reach steady state, followed by 60 scans
during rest, 30 scans during forepaw stimulation, and a
final 60 scans during rest, for a total experiment time of
4 min. The animal was allowed to rest for ~3—-5 min, and
then the stimulation paradigm was repeated. To test the
dependence of whole-brain activation on the stimulation
frequency, stimulation was performed at 1 Hz, 3 Hz, 5 Hz,
and 8 Hz in four rats.

Data Analysis

Analysis of the time series was performed using
STIMULATE (University of Minnesota, Minneapolis,
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FIG. 2. a: Typical EPl images with
in-plane resolution of 300 pwm and
2 mm slice thickness. Ten slices
cover the brain from the olfactory
bulb (top left) to the cerebellum
(bottom right). b: EPl images from
the same rat overlaid with the dig-
itized rat brain atlas. A linear warp
in x and y was performed on each
atlas image to provide the best fit
to the corresponding EPI slice.
The locations of SI, SlI, thalamus
(Th), and cerebellum (Cer) are
indicated.

MN). A correlation coefficient was calculated from
cross-correlation of the unfiltered time series with a
boxcar waveform representing the stimulation period.
The activation threshold was set at 0.2, and only groups
that included at least four activated pixels were consid-
ered significant. One to three scans from each animal
were analyzed, depending on the stability of the animal
and whether blood gases remained within physiological
ranges. Time courses from activated pixels in SI, SII,
thalamus, and cerebellum were recorded and averaged
to form a representative response for each region. A
linear baseline correction was performed.

Using a customized program developed in-house, the
Paxinos and Watson rat brain atlas (27) was digitized so it
could be warped to each MRI slice containing a specific
region of interest (ROI). The location of the activated pix-
els of that slice in relation to the atlas could be saved. The
same program was then used to read in the atlas images
with activated pixels from each rat and add them together
to display the relative incidence of activation in each
region in the atlas coordinate system.

For the frequency dependence studies, the number of
activated pixels in SI, SII, the thalamus, and the cerebel-
lum was recorded for each rat and average activation areas
were obtained for each frequency of stimulation. Using the
rat brain atlas, areas were then defined in SI, SII, and the
cerebellum, and time courses from all the pixels in the
region were obtained from each rat. These were averaged
to show the amplitude of the BOLD response in each area
as a function of frequency. Statistical significance was
calculated using a paired t-test. Unless otherwise noted,
differences were considered significant at P < 0.05.
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RESULTS
Stability of the Imaging Sequence

Typical whole-brain EPI images of the rat obtained at 11.7
T are shown in Fig. 2a. The cerebral cortex and cerebellum
are well visualized, but there is clearly some distortion
near the sinuses. Figure 2b shows a set of EPI images from
the same rat with the Paxinos atlas warped to each slice,
using only linear warps in the horizontal and vertical
directions (27). Despite the single-shot EPI acquisition at
11.7 T, the atlas fits very well to the images. SI, SII, thal-
amus and cerebellum are labeled.

In order to demonstrate the temporal stability of the
multislice imaging sequence, a series of 150 images was
acquired from an anesthetized rat without the application
of a stimulus. The signal intensity of each image was
measured in ROIs in SI, SII, thalamus, and cerebellum.
The percent deviation from the mean signal intensity in
each region was calculated for the series of images and is
shown in Fig. 3. The stability was very good, generally
exhibiting about *1% fluctuation around the average in-
tensity in each region, even though no respiratory or car-
diac gating was used. This allows ready detection of the
BOLD response, where the intensity change is on the order
of 5-10% at 11.7 T (14).

Incidence and Amplitude of Activation

Twenty-four functional studies were obtained from 11
rats. In the correlation maps calculated with STIMULATE,
activation was repeatedly seen in four areas: SI, SII, thal-
amus, and cerebellum. Small clusters of pixels with low
correlation coefficients were observed in other areas as
well, but they were not reproducible and thus were not
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FIG. 3. Temporal stability of EPl images ac-
quired in an anesthetized rat. The percent

fluctuation from the mean as measured in
(from top to bottom) SlI, SlI, thalamus, and
cerebellum during a series of images ac-

quired with no stimulation is shown. No

baseline correction has been performed.

The ROls in which the signal was measured
are shown in white on the EPI images be-
low.
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included in the analysis. Typical fMRI results from two
rats are shown in Fig. 4.

The primary cortex showed significant activation in all
rats and all studies, with an average peak signal intensity
increase of 7.5% # 1.8% (11 rats, 24 scans). Given that the
forelimb representation in SI is elongated 3—4 mm in the

FIG. 4. Typical findings in whole-
brain functional images during
forepaw stimulation. The correla-
tion threshold was set at 0.2, and
groups of 4 or more active pixels
are shown. Slices progress from
most anterior at top left to most
posterior at bottom right. Top: ac-
tivation in Sl (large white arrows),
Sl (green arrows), and the cere-
bellum (small white arrow). Bot-
tom: activation in SlI, SlI, the cer-
ebellum, and the thalamus (large
green arrows).

rostral-caudal direction, activation often extended to at
least one and often two adjacent slices. Our results were
similar to those seen in previous work (12-14,16,17).
The cerebellum also responded robustly, showing acti-
vation in 8/11 rats. The activated areas formed a patchy
cluster near the superior surface of the cerebellum, often
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with bilateral focus areas. These results agree well with a
previous study (25). The amplitude of the response is
lower than that of the primary cortex, with an average peak
increase of 6.6 = 1.9% (8 rats, 16 scans).

Activation was observed in SII in 8/11 rats, although the
magnitude of the signal intensity increase during stimula-
tion was smaller than in the primary cortex and cerebel-
lum, averaging 4.0% = 1.8% (8 rats, 18 scans). The acti-
vated areas were inferior and lateral to the primary sensory
cortex, and located either in the same image slice as SI or
the slice immediately posterior.

Activation was also observed in the thalamus in one or
two slices immediately posterior to SI, but only in 5/11
rats. It was generally detected only when strong activation
was present in at least two other areas. The average peak
signal increase when activation was observed was 6.4 *
1.9% (five rats, nine scans).

Average time courses from each area are shown in Fig. 5.
In general, the BOLD signal from each area reached a peak
within ~15 sec after the beginning of the stimulation,
remained at a plateau for the rest of the stimulation, and
returned to baseline ~15 sec after the stimulation ended.
Some areas show a temporary decrease below baseline
values for several seconds after the end of the stimulation.
The average increase in signal intensity in SI was signifi-
cantly greater than the increase in SII, thalamus, or cere-

30 45 60 75 90 105 120 135 150 165 180 195 210 225
Time (s)

bellum (P < 0.005). The most pronounced differences in
response between areas were the amplitude of the BOLD
signal and the magnitude of the poststimulus undershoot.
Only a very small undershoot is evident in the time course
from SI; SII and the thalamus show moderate undershoots,
while the cerebellum has a significant decrease in inten-
sity of 2% that requires ~30 sec to return to baseline
levels.

Figure 6 summarizes the incidence of activation across
the rats studied. The images show the variation in area of
the responses detected for SI, SII, thalamus, and cerebel-
lum. SI was detected in all rats. Cerebellum and SII acti-
vated in 67% and 75% of the rats. The thalamus was the
least consistent, activating in only about 40% of the rats.

Activation incidence maps were generated by transfer-
ring areas of activation to the Paxinos atlas, so that each
activation could be mapped to a common space (27). Fig-
ure 7 shows incidence maps for SI, SII, thalamus, and
cerebellum. Excellent inter-rat correspondence of acti-
vated areas leads to bright focal points in SI, SII, and the
cerebellum. Thalamus can also be seen, although it acti-
vated in fewer rats.

Frequency Dependence

The frequency dependence of blood flow changes and
fMRI response has been studied in SI by a number of
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investigators using the rat forepaw model (13,28-31). To
extend this to other areas of the brain, data was acquired at
different stimulation frequencies. Typical activation maps
acquired during stimulation at 1 Hz, 3 Hz, 5 Hz, and 8 Hz
are shown in Fig. 8. The largest activation in SI, SII, and
the cerebellum is seen at 3 Hz, with less activity at 5 Hz.
Average numbers of pixels activated for each frequency are
shown in Fig. 9. Average time courses from each area are
shown in Fig. 10. In SI, the percent signal change during
activation is greatest for 3 Hz, followed by 5, 8, and 1 Hz.
The percent change was also strongest at 3 Hz in SII, with
no large differences between 1, 5, and 8 Hz. The cerebel-
lum also exhibited the strongest activation at 3 Hz. Only
one rat showed cerebellar activation at 8 Hz. No time
courses were measured for the thalamus due to the inter-
mittent nature of the activation. These frequency-depen-
dent results are similar to those described in previous
studies of the primary somatosensory cortex, which gen-
erally have found peak response at stimulation frequencies
of 3-5 Hz (13,28,29).

DISCUSSION

The excellent EPI images obtained in this study can be
attributed to several factors, including the high field
strength, the use of a surface receive coil, an optimized
imaging sequence, the high-power shims, and the rapidly
switching gradient set. Working at 11.7 T provides excel-
lent signal-to-noise and a larger BOLD effect. The use of
the surface coil restricts the field of view and provides
optimal sensitivity to the ROIs. The shims and the gradi-
ents are especially important in reducing distortion in the
image.

The results presented clearly demonstrate that whole-
brain fMRI can be performed in rodents using EPI at 11.7
T. Activation was observed in four of the six regions in-

FIG. 6. Summary of activation in-
cidence. A total of 24 scans were
obtained in 11 rats. a: The inci-
dence of activation for each area
and combination of areas. b:
Representative images from dif-
ferent rats demonstrating the vari-
ance in activation in Sl, thalamus,
Sll, and cerebellum are shown.
Arrows indicate regions of activa-
tion that likely arise from draining
veins.

volved in primary sensory pathways: SI, SII, thalamus, and
cerebellum. No activation was detected in the pons or
medulla, most likely due to the deep location of these
structures and the signal sensitivity falloff from the surface
coil. Future studies that begin to make use of surface coil
arrays should remedy the problem.

The number of activated regions differed from rat to
rat. SI activated consistently in every scan and always
had a greater signal increase during stimulation than the
other activated areas. A slight discrepancy in incidence
(n = 2-3 scans) between the left and right hemispheres
was seen. Since no special care was taken to ensure that
the stimulators to each paw were supplying exactly the
same current, stimulation disparities could easily ac-
count for the minor difference. The activated area of SI
spreads beyond the boundaries indicated on the rat
brain atlas. However, the pixels with the highest corre-
lation coefficients and largest incidence generally lie
within the area defined by the atlas. Raising the thresh-
old correlation coefficient to levels typically used in
other studies (12—14) results in better localization but
reduces sensitivity to secondary areas with lower signal
increases, such as SII.

SII and the cerebellum each activated in about 70% of
the scans, and activation in both occurred in 50% of the
scans. Thalamic activation was observed less frequently,
and usually only in conjunction with activation in SII or
the cerebellum. There are several potential explanations
for why activation may be seen in a given area in one rat
but not in another. One possibility is the effect of partial
volume on small active regions. If an active area is approx-
imately the size of a voxel (300 X 300 X 2000 pm), then the
activation is more likely to be seen if the area falls within
a single voxel, rather than being divided between two or
three. The alignment between image geometry and anat-
omy differs in each rat, and may in some cases cause
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FIG. 7. Activation maps from individual rats over-
laid onto the Paxinos atlas and summed to show
incidence of activation. Distinct areas in Sl (arrows,
a), Sl (white arrows, b) and the thalamus (red
arrows, b) are apparent, along with bilateral focal
regions in the cerebellum (arrows, c). Incidence
ranges from 1 to 24 scans.
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FIG. 8. Response to 1, 3, 5, and 8 Hz stim-
ulation in slices from S, SlI, and cerebellum.
The largest activated area occurs at 3 Hz for
all areas.

5 Hz
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FIG. 9. Area of activation in SI, Sll, cerebellum, and thalamus mea-
sured for different stimulus frequencies.

reduction in the observed BOLD response or render small
regions of activation undetectable. Also, while regions in
the somatosensory system generally range in size from 300
pm to 2 mm, only a fraction of each area is specifically
devoted to forelimb sensation, which exacerbates the sen-
sitivity loss due to partial volume effects. Future studies
should enable us to improve resolution.

An issue which affects the SNR of the image and thus
the probability of detecting the BOLD response is the lo-
cation of the region with respect to the surface coil. SII and
the thalamus are located further from the surface coil than
SI and the cerebellum, and in large rats the loss of signal
sensitivity (20-40% lower SNR) may make it difficult to
observe activation. Development of surface coil arrays
analogous to that occurring for the human brain should
improve sensitivity in these regions as well as enable
acceleration of image acquisition using parallel imaging
techniques (32,33).

A major concern for rodent fMRI is the use of anesthesia.
It is possible that the degree of activation depends on the
animal’s level of awareness. A previous study has shown
that a-chloralose reduces the area of activation and de-
presses the amplitude of the BOLD signal increase in SI
during stimulation of the forepaw (34). Thus, an explana-
tion for the lack of consistent thalamic activation may be
that it is detected only in animals that are less deeply
anesthetized. The ability to compare whole-brain fMRI in
awake and anesthetized rodents will enable investigation
of this issue for all areas in a specific neural network
(35,36).

There has been much interest in fMRI in the details of
the time course of the hemodynamic response. Issues in-
clude the existence of an initial dip in the BOLD signal just
before the rise that occurs during stimulation and the
origins of the poststimulus undershoot (37). The present
study shows no significant initial drop in signal, in agree-
ment with previous results (14,38). The average time
courses measured in this study show a significantly greater
signal undershoot in SII, the thalamus, and the cerebellum
than in SI after the stimulation period. This may indicate
regional differences in hemodynamics, perfusion, or me-
tabolism. For example, the increase in cerebral blood vol-
ume during stimulation may take longer to return to base-
line in areas other than SI.
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Numerous issues exist regarding the quantitative con-
nection between BOLD fMRI and the complex underly-
ing neural activity (12,39,40). A major issue is the rela-
tive contribution of different size vessels. Some of the
activation observed in this experiment clearly comes
from large draining veins. Activation from veins drain-
ing from SI along the surface to the center of the brain
could be detected in many rats (see Fig. 6b), even though
spin echo BOLD was used at 11.7 T. The BOLD signal is
made up of contributions from the intravascular and
extravascular compartments of small and large veins.
The extravascular signal from small vessels is generally
considered to be the most localized to neuronal activity,
but it can easily be obscured by the large signal from
inside veins and the extravascular area around large
draining veins. Simulations and some experiments have
indicated that, compared to gradient-echo imaging,
spin-echo imaging reduces the contribution of the ex-
travascular compartment of large vessels, due to the
smaller susceptibility gradients and the refocusing ef-
fect of the 180° pulse (39,40). In addition, the same
studies have argued that the intravascular contributions
to the BOLD signal, as measured with a spin-echo se-
quence, are expected to be very small at high field
strengths, due to the short T, and T of venous blood. In
favor of this latter argument, a recent study by Lee et al.
(12) demonstrated that there was no change in the spin-
echo BOLD signal obtained at 9.4 T when diffusion
gradients were applied, suggesting that the intravascular
contribution is negligible. In some of the images ac-
quired in this experiment, a thin line of activation ap-
pears to stretch from SI toward the sagittal sinus along
the surface of the brain (Fig. 6b), similar to activation
attributed to draining veins in previous work (12-14).
This signal may arise from incomplete suppression of
the extravascular signal associated with large veins, or
from residual intravascular contributions. While spin-
echo EPI was used to acquire the data, the images have
significant T7, weighting from the gradient echoes in the
EPIreadout. Also, although the signal inside the veins is
small, the change in R, during activation is large, and
may lead to a strong correlation with the stimulus.

Previous studies of changes in cerebral blood flow
during stimulation have indicated that there is a stimu-
lation frequency to which SI is maximally responsive
(13,28-31). Activation is expected to increase as the
frequency of stimulation increases, since there are more
stimuli per unit time. At some point, however, as the
interval between stimuli shortens, the second stimulus
occurs during the refractory period caused by the first
stimulus, and activation decreases. Gyngell et al.(30)
tested 1.5, 3, 4.5, 6, 7.5, and 9 Hz and found the greatest
change in BOLD at 1.5 Hz. Using laser Doppler, Detre et
al. (29) tested 1, 2, 5, and 10 Hz and observed a maxi-
mum blood flow change at 5 Hz. A similar study by Silva
et al. (13) tested 1, 2, 3, 4, and 5 Hz and saw the greatest
change in blood flow at 3 Hz. All of these studies fo-
cused on the primary sensory cortex, and it was un-
known whether the secondary sensory cortex and cere-
bellum would follow the same pattern. The present re-
sults are consistent with these previous studies,
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demonstrating maximal cortical activation at 3 Hz. We
found that activation in the cerebellum and SII showed
the same general frequency response as SI, with peak
activation occurring at 3 Hz.

It is interesting to speculate on realizable goals for
whole-brain fMRI of the rodent. Recently, a high-reso-
lution fMRI study of SI during forepaw stimulation in-
dicated a large heterogeneity in BOLD across the cortex
at 200 pm resolution (14). In the same study, BOLD
onset times as short as 600 ms could be detected. Thus,
collecting whole-brain fMRI at 200 pm resolution with
500 ms temporal resolution would be a great advance.

90 105 120 135 150 165 180 195 210 225

Time (s)

30 45 60 75

The increase of in-plane resolution from 300 to 200 pm
can be readily achieved with slightly higher gradients,
and this work is in progress. The reduction in acquisi-
tion time can also be readily accomplished, using par-
allel imaging techniques that are able to improve acqui-
sition times 2—3-fold (32). In this study, the whole brain
was imaged in 1-1.5 sec, so the acceleration provided by
parallel imaging should improve this to ~500 ms. Fur-
ther experiments will focus on determining the onset
times of the activation in each area. This is particularly
interesting because of the interaction between different
regions of the brain. For example, if the cerebellum
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activates earlier than the primary cortex, it may indicate
that the primary source of the activation comes directly
from the spinal cord, rather than from SI. However, the
onset time differences may be dominated by the differ-
ing vasculature in each region, making it desirable to use
whole-brain cerebral blood volume or perfusion fMRI to
characterize the hemodynamic response.

Whole-brain fMRI of the rodent has the potential to shed
light on many interesting neurological questions. It could
be used to study changes that occur in the activated net-
work during learning or plasticity after injury (24). Whole-
brain functional imaging of the mouse is particularly in-
teresting in light of the numerous disease models that are
available. Many models show degeneration or reorganiza-
tion of particular brain subsystems. fMRI provides a non-
invasive way to examine the disrupted connections in
these animals over the entire brain. This work demon-
strates that whole-brain fMRI can be applied to the well-
characterized rodent brain at 11.7 T, and establishes an
important tool for the study of regional brain communica-
tion and plasticity.
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